In this study, two new coordination polymers of Cu(II) and Cd(II) ions with pyrazine-2,3-dicarboxylic acid and 1-vinylimidazole were synthesized. The structures of these coordination polymers were characterized with elemental analysis, infrared spectroscopy, thermal analysis, powder X-ray diffraction, and magnetic susceptibility techniques. According to the results of the thermal analysis, the coordination polymers that contained water molecules decomposed below 100 C, and the final products for both coordination polymers were the related metal oxides in an oxygen atmosphere. Powder X-ray diffraction analysis revealed that the coordination polymers were in the crystalline form. The hydrogen storage capacities and surface areas of the coordination polymers were also determined. The highest hydrogen storage capacities were measured as 296 ml/g for the Cu(II) coordination polymer and 330 ml/g for the Cd(II) coordination polymer at approximately 75 bar and 75 K.
INTRODUCTION
Owing to their fascinating varied architectures, intriguing topologies, and desired functions, coordination polymers (CPs) have been extensively studied [1, 2] and used in many applications, such as gas storage [3] , catalysis [4] , luminescence [5] , magnetism [6] , and drug delivery [7] . In recent years, the gas storage properties of CPs have been extensively investigated, and the number of related studies is increasing day by day [8] . The design and synthesis of CPs are closely related to the ligands, metal ions, solvents, and reaction conditions [9] . Particularly, the choice of ligands due to their features such as flexibility, electron pair donation, and functional groups plays a key role in designing of CPs [10] . Recently, the syntheses of CPs with mixed-ligands containing O-and N-donor groups have attracted the particular interest of researchers [11] [12] [13] . Different combinations of organic ligands around the metal centers provide diversity in the structures of CPs [14, 15] . Currently, ligands based on carboxylic acid and imidazole are widely used as mixed ligands for the building of CPs, and many studies including these ligands have been reported in the literature [16, 17] .
Due to their donor atoms, lengths and geometries, carboxylic acid ligands have been extensively used in the syntheses of CPs [18, 19] . Pyrazine-2,3-dicarboxylic acid (H2pzdc; Fig. 1A ), which contains two neighboring carboxyl groups and two nitrogen atoms in the ring, is an important bridging ligand candidate for the design of CPs [20, 21] . H2pzdc has six donor atoms with four oxygen atoms and two nitrogen atoms in its structure and can form different polymeric complexes with various structural properties [22, 23] . H2pzdc can coordinate with metal ions through the oxygen atoms of the carboxyl groups and the nitrogen atoms of the pyrazine ring [24] . Due to its multifunctional coordination modes, H2pzdc can give one or two protons to generate Hpzdc -and pzdc 2-anions at different pH values [25, 26] . CPs containing H2pzdc are usually multi-centered because H2pzdc generally prefers to behave as a bridge ligand between metal atoms [27, 28] . There are several known complexes of H2pzdc that act as mono-, di-, or multidentates. For these reasons, H2pzdc is an important bridging ligand that is used to design CPs [29] [30] [31] [32] [33] [34] .
Imidazole derivatives with different lengths, flexibilities and donor atoms have been frequently used as second ligands together with carboxylate ligands in the design of CPs [35, 36] . In the present study, we selected 1-vinylimidazole (vim; Fig.   1B ), which contains a vinyl group and two nitrogen atoms, as the second ligand because CPs based on H2pzdc and vim have rarely been studied. Additionally, Cu(II) and Cd(II) coordination polymers containing these ligands have not been investigated in the literature. Vim has important properties for polymerization and reactivity [37, 38] and can coordinate to metal ions via the ring nitrogen atom [39, 40] . The polymeric complexes of Co(II), Ni(II), Cu(II), Zn(II), and Cd(II) ions containing vim were studied in our previous works [41] [42] [43] [44] . In the current study, Cu(II) and Cd(II) coordination polymers derived from pyrazine-2,3-dicarboxylato and 1-vinylimidazole ligands were synthesized and characterized using several techniques, and the hydrogen storage capacities of these coordination polymers were investigated.
EXPERIMENTAL SECTION

Materials and measurements
We used basic copper(II) carbonate {CuCO3·Cu(OH)2} and cadmium(II) carbonate (CdCO3) as the metal ion sources to obtain coordination polymers without complementary ions. We used pyrazine-2,3-dicarboxylic acid (H2pzdc) and 1-vinylimidazole (vim) as ligands and used distilled water, ethanol and diethyl ether as solvents. All chemicals and solvents used in the syntheses were supplied from the Sigma-Aldrich Company and were used without further purification.
The elemental analysis measurements for C, H, and N were performed on a CHNS-932 (LECO) instrument. A Bruker Vertex 80 V spectrophotometer was used for the IR spectra, and the measurements were performed using thin KBr pellets in the range of 4000-400 cm -1 . Simultaneous thermogravimetry (TG), derivative thermogravimetry (DTG) and differential scanning calorimetry (DSC) anal-yses were performed in an oxygen atmosphere on a TA Instruments SDT Q600 thermal analyzer (heating rate: 10 ºC/min, temperature range: 25-1000 ºC). Powder X-ray diffraction (PXRD) analyses were performed using a PANalytical X'pert Pro MPD model multi-purpose X-ray powder diffractometer. Magnetic susceptibility studies were performed with the Evans magnetic balance method, which is an improved version of the Gouy method, on an MX I Model Sherwood Scientific device. A STOE IPDS II type diffractometer equipped with a graphite-monochromatic ( = 0.71073 Å) device was used to collect the single-crystal X-ray diffraction data at 2932 K. Surface area measurements were performed on a Quantachrome Instruments Nova 4200e Surface area and Pore Size Analyzer. The hydrogen storage studies were completed using a VTI HPVA 100 high-pressure adsorption analyzer.
Preparation of the coordination polymers
The coordination polymers in the study were synthesized according to the procedure given in our previous works [43, 44] . As the only difference, basic copper(II) carbonate (0.211 g, 1.0 mmol) and cadmium(II) carbonate (0.345 g, 2.0 mmol) were used for syntheses of the Cu(II) coordination polymer and Cd(II) coordination polymer, respectively.
Cu(II) coordination polymer: Light blue crystals were obtained with a yield of 90% (0.615 g). The crystals were not suitable for single-crystal X-ray analysis because they exhibited polycrystalline structure. Therefore, this analysis could not be performed. Anal. calcd. for {Cu(pzdc)(vim)(H2O)}n Cd(II) coordination polymer: Light brown crystals were obtained with a yield of 50 % (0.681 g), and the crystal data were collected for this compound. The solving of the crystal structure was very difficult because the single crystal was slightly problematic, and the structure was quite disordered. The major problems in the structure were not completely eliminated; therefore, the solving of the structure could not be fully realized. However, it is thought that the possible structure of the Cd(II) coordination polymer without the solvate groups is similar to the structure provided in Fig. 2 according to 
IR spectroscopy
In the IR spectra of the coordination polymers (Fig. 3) , the (O-H) stretch vibrations were observed at 3456 cm -1 for the Cu(II) coordination polymer and 3378 cm -1 for the Cd(II) coordination polymer. The IR spectrum of H2pzdc displays a broad band at approximately 2500 cm -1 [43, 44] . The disappearance of this broad band in the IR spectra of the coordination polymers demonstrated that H2pzdc lost two hydrogens with coordination polymer formation and coordinates to the metal ions via the deprotonated oxygen atoms of the carboxylate groups [31, [43] [44] [45] . The peaks of the (C=O) and (C=N) stretch vibrations belonging to H2pzdc appeared at lower energetic frequencies in the IR spectra of the coordination polymers. This result suggests that the metal ions were coordinated by the O and N atoms of H2pzdc.
In our previous studies, the structures of synthesized complexes containing the pzdc ligand were determined with the single-crystal X-ray technique [43, 44] . From the crystal structures of these complexes, we understand that the pzdc ligand exhibits various binding modes. Based on our previous studies and the possible structure of the Cd(II) coordination polymer (Fig. 2) , we believe that the pzdc ligands coordinate to Cd(II) ions via the O atoms of the carboxylate groups in the structure. Examination of the IR spectrum of the Cd(II) coordination polymer (Fig. 3 ) revealed that there are three different (C=O) stretch vibrations in the range of 1649-1590 cm -1 that depend on the binding modes of the carboxyl oxygen atoms. Similarly, two peaks in the range of 1681-1644 cm -1 were observed in the IR spectrum of the Cu(II) coordination polymer. This finding also demonstrates that the Cu(II) coordination polymer has two different (C=O) stretch vibrations that depend on the binding modes of the carboxyl oxygen atoms (Fig. 3) .
The peaks belonging to the (C=N) and (C=C) stretch vibrations of the vim ligand appear from 1650 cm -1 to 1500 cm -1 [43, 44] . There are also similar peaks in the structure of the pzdc ligand. For this reason, it was difficult to determine whether these peaks belong to the vim or pzdc ligands in the IR spectra of the coordination polymers. Finally, the (C-H) stretch vibrations belonging to the pzdc and vim ligands were observed in the range of 3150-3000 cm -1 . 
Thermal analysis
The thermal analysis curves of the Cu(II) coordination polymer are given in Fig. 4A . According to these curves, the Cu(II) coordination polymer exhibits two main decomposition steps. Initially, 1 mol of water molecules per molecular unit is separated from the structure at 30-81 °C (found: 5.1%; theoretical: 5.3 %). The endothermic peak at DSCmax.: 72 °C supports the separation of the water molecule from the structure (DTGmax.: 68 °C). A stable anhydrous intermediate product forms between 81 °C and 285 °C. After this temperature, the vim and pzdc ligands are removed from the structure (DTGmax.: 346 °C). The excessive exothermic peak at DSCmax.: 351 °C indicates that the remaining organic residue severely decomposes. CuO remains as the final product at the end of the decomposition process (found: 23.9 %; theoretical: 23.3 %).
The thermal analysis curves of the Cd(II) coordination polymer demonstrate that the thermal decomposition occurs in five main steps (Fig. 4B) . Initially, 3 mol of crystal water per molecular unit are removed from the structure at 29-79 °C (found: 4.2 %; theoretical: 4.0 %). The endothermic peak at DSCmax.: 51 °C supports the separation of the crystal water from the structure. After 79 °C, the anhydrous structure constantly decomposes, and the fixed weight plateaus do not form. In other words, the decomposition reactions overlap; before the one of the decomposition reaction ends, another reaction begins. The DTG curve shows the overlapping reactions in greater detail. With the overlapping reactions, the solvate vim groups and vim and pzdc ligands are removed from the structure, respectively. The excessive exothermic peak at DSCmax.: 478 °C (DTGmax.: 480 °C) indicates that the remaining organic residue severely decomposes. The final product at the end of the decomposition process is considered to be CdO (found: 19.5%; theoretical: 18.8 %). 
Powder X-ray diffraction and magnetic susceptibility
The synthesized coordination polymers are in crystalline form according to the PXRD patterns (Fig. 5) . To illustrate the phase purity of the Cd(II) coordination polymer, the theoretical pattern obtained from the single-crystal X-ray data for the Cd(II) coordination polymer was compared with the experimental pattern. The results revealed that the two patterns matched each other despite the use of the collected raw data (Fig. 5B) .
The Cu(II) and Cd(II) coordination polymers are in polymeric structures. Therefore, the magnetic properties per unit metal were considered, while the calculations were performed. The calculated magnetic moment values are only spin-based and do not contain orbital contribution. For this reason, some differences can be observed between the calculated and experimental magnetic moment values. The Cu(II) coordination polymer (d 9 electron configuration) with one unpaired electron is paramagnetic. The calculated and experimental magnetic moment values of the Cu(II) coordination polymer are 1.73 and 1.79 BM, respectively. The Cd(II) coordination polymer with the d 10 electron configuration is also diamagnetic as expected.
Surface area studies
To determine the BET surface areas of the coordination polymers, the standard volumetric method with nitrogen gas adsorption was used. The method was applied at liquid nitrogen temperature (77 K) and certain relative pressures. The degassing process was performed before the surface area measurements were made. This process was performed under vacuum for half an hour at room temperature. Then, the BET surface area plots of the coordination polymers were obtained (Fig. 6) . We determined the surface areas from these plots as 12.9 m 2 g -1 for the Cu(II) coordination polymer and 1.3 m 2 g -1 for the Cd(II) coordination polymer (Table 1) . 
Hydrogen storage capacities
Hydrogen storage measurements were performed on a VTI/HPVA 100 high-pressure analyzer. The static volumetric method under highpressure was used for the adsorption isotherms of hydrogen gas. The degassing operation was performed for 6 hours immediately before the measurements were made. For the measurements, various increasing pressure values were used at 75 K, and the hydrogen adsorption isotherms of the coordination polymers were then obtained (Fig. 7) . The maximum hydrogen storage amounts for the Cu(II) and Cd(II) coordination polymers are 296 and 330 ml/g, respectively, at approximately 75 bar and 75 K ( Table 1) . The obtained values are relatively low compared with those of related studies in the literature [46, 47] . However, the Cu(II) and Cd(II) coordination polymers have some potential to store hydrogen gas. 
CONCLUSIONS
In this study, Cu(II) and Cd(II) coordination polymers constructed from pyrazine-2,3-dicarboxylato and 1-vinylimidazole ligands were synthesized and characterized using various methods. The coordination polymers contain water molecules; thus, they have (O-H) stretch vibrations in the IR spectra, and they decompose under an oxygen atmosphere at low temperatures with respect to the thermal analysis curves. CuO and CdO remain as the final products. The Cu(II) and Cd(II) coordination polymers are in crystalline form according to the powder X-ray diffraction data and are paramagnetic and diamagnetic, respectively. The surface areas and hydrogen storage capacities of the coordination polymers were also determined. The surface areas were found to be lower than the values in the literature. Despite the low surface areas, the Cu(II) and Cd(II) coordination polymers have moderate hydrogen storage capacities.
